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cholesterol auto-oxidation products, 7β-hydroxycholesterol (7β) and 7-ketocholesterol (7keto), rendered
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individual oxysterols; (iv) the thermo-responsiveness of 7keto-containing vesicles was equivalent to that of
25 hydroxycholesterol (25OH)-containing vesicles; and (v) we have characterized the observed membrane
dynamics. The results provide a new plausible mechanism: oxidative-stressed membranes in conjunction
with temperature change induce membrane dynamics. These ﬁndings improve the mechanisms reported
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Structural organizations such as lipid packing are intrinsic
properties of cell membranes and contribute to biophysical processes
such as endo- and exocytosis, that are important for cellular function.
Membrane oxidation is believed to disrupt such organization and
expected dynamics, leading to membrane dysfunction and onset of
related diseases [1]. Studying these structural dynamics provides
insight into the physical basis of changes in cellular geometry which
occur during biophysical processes such as membrane invagination.
Various forms of physical stimuli including light and heat, and also
chemical stimuli such as oxidation, can induce membrane structural
re-organization and packing. Morphological transformations of lipid
vesicles containing a light-sensitive amphiphile upon exposure to
different light wavelengths have been investigated. The ensuing
membrane re-organization has been exploited for controlled capture
and release of colloidal particles [2]. Recently, we studied the effect
of oxidative stress on lipid membrane structure and subsequent
dynamics [3]. In that study, we utilized cell-sized lipid vesicles
composed of 1.2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
DOPC:Cholesterol (DOPC:Chol) in order to obtain new insights into
how oxidative stress and photo-irradiation affect various membrane
systems. Previously, Kas and Sachman studied phospholipids' mem-brane vesicular transitions induced by temperature changes [4].
Membrane surface area had a direct linear relationship with
temperature, but there was no change in inner volume. Consequently,
excess area was increased leading to vesicular shape transitions.
However, a study coupling the two aforementioned physical and
chemical stimuli, i.e., the thermo-responsiveness of oxidized mem-
brane systems, has not yet been reported. Exploiting the high thermal
expansivity of the lipid bilayer in the ﬂuid phase, we investigated
the dynamics of oxidized membranes upon temperature changes.
In particular, we were interested in understanding the effect of
temperature on oxidized cholesterol-containing lipid vesicles because
oxycholesterols are implicated in diseases such as atherosclerosis.
The study of temperature-dependent dynamics of oxycholesterol-
containing lipid vesicles may provide new approaches towards
understanding some of the mechanisms behind oxidative stress-
related pathologies.
At a molecular level, the effects of membrane oxidation include
oxidation of lipids (lipid peroxidation) [5], oxidation of amino acids in
proteins, and oxidative inactivation of speciﬁc enzymes [6]. Lipid
peroxidation is a biomarker of cellular oxidative stress. It has long
been recognized to contribute to oxidative damage resulting from
inﬂammatory processes, chemical and reperfusion injury, and chronic
diseases such as atherosclerosis and cancer [7,8]. Recently, it was
reported that oxidized cholesterols inﬂuence membrane stability and
cell death [8–11], by altering membrane properties such as ﬂuidity
and permeability [1,12]. Within the lipid bilayer, polyunsaturated
lipids (PUFAs) and their esters are vulnerable to oxidation. Their
susceptibility to oxidation increases with an increase in the number
of double bonds [13]. Cholesterol, one of the main constituents of
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are located, can be oxidized to oxycholesterols [14]. It has been
reported that some positions are oxidized both spontaneously (auto-
oxidation) and enzymatically [15] and that cholesterol is more
susceptible to oxidation than PUFA in cultured cells. Auto-oxidation
of cholesterol at the C7 position produces 7-ketocholesterol (7keto),
the major sterol species in atherosclerotic plaques [16]. Enzymatic
oxidation of cholesterol occurs mainly on the iso-octyl side chain,
resulting in products such as 24- and 25-hydroxycholesterols [17]
(please refer to Fig. S1 in supplementary information (SI) for
production of these oxycholesterols). Oxysterols have and continue
to receive attention asmarkers for oxidative stress andmessengers for
cell signaling and cholesterol transport [12]. During low-density
lipoprotein (LDL) oxidation, cholesterol is reportedly oxidized only
after most unsaturated lipid esters have been oxidized [18,19]. It has
been reported that oxidation of cholesterol could be protected by
sphingomyelin [20] and that PUFA oxidation is promoted by
cholesterol [21]. However, very little is known with respect to
membrane stability in oxidized cholesterol-containing membranes. In
particular, direct observation of spatio-temporal membrane events
captured in real-time has not been reported.
Previously, we utilized cell-sized lipid vesicles to study the effect of
different types of stresses on membrane stability and the resulting
morphological changes [2,3,22–24]. The cell-sized vesicles used allow
real-time observation of dynamic morphological changes to be clearly
visualized, without compromising on the “controllable” analytical
advantage [25]. Membranes undergo important cellular processes
including structural changes such as endocytosis and exocytosis[26].
Oxidative stress on lipids may cause or enhance these morphological
changes.We recently reported on the effect of oxidative stress on lipid
membrane structure and subsequent dynamics [3]. We observed in
real time that DOPC:Chol lipid vesicles were more sensitive to
oxidative stress than DOPC only lipid vesicles. The oxidative stress
on the membranes was captured by direct observation of membrane
ﬂuctuation and morphological changes. Using high performance
liquid chromatography (HPLC), we detected that cholesterol (in
DOPC:Chol lipid vesicles) had been oxidized. We qualiﬁed the major
products of oxidation as 7β and 7keto [3]. We proposed that the
membrane dynamics could be a result of changes in physico-chemical
properties such as molecular packing in agreement with other reports
[27]. Increase in effective area, i.e., molecular packing of the
membrane moieties, has also been reported to enhance membrane
ﬂuctuation [22,28,29]. In addition, accumulation of polar residues
within the membrane is expected to change the thermo tropic
behavior of the matrix, as insertion of oxygen substantially increases
the dipole character of atom pairs comprising the acryl chains. As a
result, repulsive forces between adjacent chains are created, increas-
ing the distances between the oxidized and non-oxidized residues [1].
Furthermore, shape transitions of phospholipid vesicles in pure water
are induced by area-to-volume ratio via temperature variations [4]. In
this work, we have advanced the understanding of the physical basis
underlying some changes in cellular organization by coupling the
effect of temperature with membrane oxidation. Since light can also
be a stimulus, by utilizing a thermo-controller, the study ensured that
any observed membrane dynamics were solely due to the effect of
temperature changes.
2. Materials and methods
2.1. Materials
1.2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholester-
ol (Chol) were purchased from Avanti Polar Lipids (Alabaster, USA).
7β-Hydroxycholesterol (7β), 7-ketocholesterol (7keto), and 25-
hydroxycholesterol (25OH) were purchased from Sigma (USA).
Hydrogen peroxide solution was obtained from Santoku-Kogyo(Japan). Chloroform was purchased from Kanto-Chemical (Japan).
Methanol was from Nacalai Tesque (Japan). Deionized water obtained
from a Millipore Milli-Q puriﬁcation system was used to prepare
reagents.
2.2. Preparation of cell-sized lipid vesicles
Lipid vesicles were prepared by the natural swelling method from
dry lipid ﬁlms [2,3,22–25]. Lipid mixtures (DOPC, Chol, 7β, 7keto,
25OH) were dissolved in chloroform:methanol (2:1, vol./vol.) in a
glass test tube and dried under vacuum for 3 h to form thin lipid ﬁlms.
The ﬁlmswere then hydrated overnight with deionizedwater at room
temperature (RT) to a ﬁnal lipid concentration of 0.2 mM. During the
course of this study, RT was approximately 21.7±1.7 °C.
2.3. Microscopic observation conditions
A liposome solution (5 μL) prepared above was placed in silicon
well (0.3 mm) on a slide glass and covered with a small cover slip. We
observed changes in membrane morphology using a phase-contrast
microscope (Olympus BX50;Olympus, Japan), at RT. The silicon well
and the cover slip ensured that evaporation of the solution did not
occur over the duration of the experiment. Images were recorded on a
hard-disc drive at 30 frames s−1.
2.4. Induction of oxidative stress
Fivemicroliters of the liposome solution and ﬁvemicroliters of one
molar of hydrogen peroxide were poured into a test tube and gently
mixed by soft tapping. The difference in the molar concentration of
hydrogen peroxide across the lipid bilayer membrane was 0.5 M.
2.5. Characterization of oxidized cholesterol by HPLC
Lipid vesicles subjected to oxidative stress by adding hydrogen
peroxide samples were extracted with chloroform/methanol (2:1,
vol./vol.) and analyzed using HPLC. We detected three cholesterol
oxidation products: 7β, 7keto, and 7α-hydroxycholesterol (7α). 7α
and 7β were quantiﬁed using a post-column chemical luminescence
detector (CLD-10A; Shimadzu, Japan). 7keto (245 nm) was analyzed
using a spectrophotometric detector (SPD-10AV; Shimadzu, Japan).
Details including instrument settings, columns used, and the eluent
conditions are documented [30]. Brieﬂy, an ODS-2 column (5 μm,
250×4.6 mm; GL Science, Japan) was used. The eluent was methanol:
acetonitrile:water (45:46:9 by volume), delivered at a ﬂow rate of
1 mL/min. After passage through the UV detector, the eluent was
mixed with a luminescent reagent in the post column-mixing joint of
the chemical luminescence detector at 40 °C. The luminescence
reagent containing cytochrome c (10 mg) and luminol (2 mg) in
1 L of alkaline borate buffer (pH 10) was loaded at a ﬂow rate of
0.5 mL/min. During the course of this study, RT was approximately
21.7±1.7 °C.
2.6. Effect of temperature on membrane ﬂuctuation
We prepared ﬁve membrane systems composed of DOPC only,
DOPC:Chol (50:50 molar ratio), DOPC:Chol:7β:7keto (100:87.5:7.5:5
molar ratio), DOPC:Chol:7β (100:87.5:12.5 molar ratio), DOPC:
Chol:7keto (100:87.5:12.5 molar ratio), and DOPC:Chol:25OH
(100:87.5:12.5 molar ratio). Liposomes were prepared and observed
as above. While on stage, temperature was carefully changed using a
thermal controller (TokaiHit MATS-5550RA-BT; Japan). The samples
were subjected to a temperature increase at a rate of 1.0 °C/min from
25 to 40 °C.
Fig. 1. Exposure of lipid membranes to hydrogen peroxide. (a) Structures of cholesterol
and oxidized cholesterols 7α-hydroxycholesterol (7α), 7β-hydroxycholesterol (7β),
and 7-ketocholesterol (7keto) detected from DOPC:Chol liposome after exposure to
oxidative stress induced by hydrogen peroxide. (b) HPLC analysis of samples extracted
from lipid vesicles after incubation with hydrogen peroxide (0.5 M ﬁnal concentration)
for 5, 10, and 15 min. The values shown are mean values and SD of triplicate analysis.
7α, white; 7β, black; and 7keto, gray.
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on membrane ﬂuctuation
We prepared membrane systems composed of DOPC, cholesterol,
and 7keto at various concentrations. Speciﬁcally, we prepared
the following lipid vesicle compositions: DOPC only, DOPC:Chol
(50:50 molar ratio), DOPC:Chol:7keto (100:95:5 molar ratio), DOPC:
Chol:7keto (100:50:50 molar ratio), and DOPC:7keto (50:50 molar
ratio). The liposomes were prepared and observed as above. While on
stage, temperature was carefully changed using a thermal controller
(Tokai Hit MATS-5550RA-BT; Japan). The samples were subjected to
temperature increase at a rate of 1.0 °C/min from 25 to 40 °C.
3. Results and discussion
3.1. HPLC characterization of auto-oxidative products of cholesterol
We have investigated thermo-responsiveness of oxidized and
non-oxidized membrane systems. In this report, we use the term
thermo-responsiveness to describe the response of membrane
systems induced by change in temperature. The physical manifesta-
tion of this response is membrane ﬂuctuation ormembrane dynamics.
First, we carried out a quantitative analysis of the oxidation products
of the DOPC:Chol lipid vesicles using HPLC (Fig. 1). The concentration
of the major oxidative products 7β-hydroxycholesterol (7β) and 7-
ketocholesterol (7keto) were (6.7±4.8 mol%) and (3.7±3.3 mol%),
respectively. We then incubated the lipid vesicles with hydrogen
peroxide at RT and analyzed the oxycholesterols produced. Oxidized
cholesterol production increased in a time dependent manner,
peaking at ~10 min. After 10 min, low levels of oxidized cholesterols
were detected. This could have been due to the oxycholesterols
forming derivatives such as 7-OOH cholesterol, 7-OH cholesterol,
5α-ΟΗ cholesterol, and 5-ΟΟΗ cholesterol [13,19,31].
We prepared a membrane system containing the determined
amounts of oxidized cholesterol (DOPC:Chol:7keto:7β) using HPLC.
When mounted on the microscope stage, some vesicles started to
ﬂuctuate immediately, and others underwent morphological changes
(Movie 1 in Supporting Information, SI). The changes in membrane
dynamics were similar to when cholesterol-containing lipid vesicles
were oxidatively stressed using hydrogen peroxide [3]. We therefore
studied thermo-responsiveness of the oxidized cholesterol-contain-
ing lipid vesicles, using a temperature controller.
3.2. Reversible thermo-induced membrane ﬂuctuations
When temperature was increased from RT (20.0 °C) to 25.0 °C, the
vesiclesﬂuctuated. A decrease in temperature back to RT (20.6 °C) led to
a decrease in the intensity of the membrane ﬂuctuation (Fig. 2 and
Movie 2 in SI), demonstrating a thermo-dependent reversible control of
membrane destabilization. We extended the study and investigated
the thermo-responsive characteristics of DOPC:Chol and used a DOPC
only membrane system as a control. Direct real-time observation of
membrane dynamics revealed that the oxidized cholesterol-containing
membranes were more thermo-responsive than lipid vesicles without
oxidized cholesterol. We characterized the membrane (Fig. S2 in SI).
In the partially oxidized membranes, ﬂuctuations were initiated at
lower temperatures (Fig. 3). There was hardly any difference between
DOPC and DOPC:Chol lipid vesicles, indicating that the presence of
cholesterolwas not responsible for the thermo-responsive nature of the
oxycholesterol-containing vesicles. Oxidized cholesterol-containing
lipid vesicles ﬂuctuated on the microscope stage in the absence of a
thermo-controller (Movie 1 in SI). Enhanced ﬂuctuations are caused by
(i) decrease in volume (V) to area (A) ratio and (ii) a decrease of the
bending modulus [28,29,32]. Since our membrane systems were
initially spherical, the onset of ﬂuctuations was triggered by a decrease
in V/A ratio. A decrease in the bending modulus and V/A ratio decreasemay have both contributed to enhancing ﬂuctuation intensity. We
measured the stage temperature before and after turning on light, and
an increase of ~0.6 °Cwas detected. Since small changes in temperature
were enough to induce ﬂuctuation of membranes containing oxidized
cholesterol(s) (Fig. 3), we propose a new trigger mechanism for the
membrane changes. We propose that the trigger behind membrane
ﬂuctuation and morphological transitions in oxidized membrane
systems, previously reported as simply due to the oxidative state of
membranes, may in fact be due to the response of oxidizedmembranes
to a slight temperature increase. Said differently, slight temperature
increases coupled with oxidative stress in membranes jointly lead to
changes in lipid membrane order.
3.3. Thermo-responsiveness of lipid vesicles containing auto-oxidative
products of cholesterol
In order to further our understanding, we characterized the
mechanism behind the enhanced thermo-responsiveness of oxidized
cholesterol-containing lipid vesicles by studying two lipid membrane
systems containing either 7β or 7keto (DOPC:Chol:7β and DOPC:
Chol:7keto). Our results show that the lipid vesicles containing 7keto
Fig. 2. Reversible membrane ﬂuctuation of oxidized cholesterol-containing lipid
vesicles. Temperature was increased from RT to 25.0 °C and back to RT, using a
thermo-controller. (a) Images of a typical lipid vesicle captured using phase-contrast
microscope. The scale bar is 10 μm. (b) Membrane ﬂuctuation at 20.0 °C (black), 25.0 °C
(dashed), and 20.6 °C (gray) as a function of radius and its distribution. Plotted value of
radius of (r(θ)–brN) /brN in each θ (θ=±π /n;n=0, 1, 2,…100) [24].
Fig. 3. Thermal responsiveness of lipid vesicles. Distribution proﬁle of the percentage
number of lipid vesicles which started ﬂuctuating at a given level of temperature
increase.(a) Oxycholesterol (DOPC:Chol:7β:7keto), (b) DOPC:Chol, and (c) DOPC.
(n=30).
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(Fig. 4). It has been reported that 7keto inﬂuenced membrane
dynamics more than 7β on actual cultured cells [27]. Temperature
increases caused membrane ﬂuctuation in all membrane systems.
However, oxycholesterol-containing lipid vesiclesweremore thermo-
responsive. The difference could be attributed to how the structure of
7keto and 7β inﬂuence the overall stability of the vesicle. It is reported
that 7keto decreases the membrane order, i.e., the presence of the
oxidized cholesterol increases the ﬂuidity of the membrane. It is also
reported that 7β promotes stability of the liquid-ordered domain
(raft) [33]. Interestingly, coexistence of both oxidized cholesterols
in liposomes synergistically rendered the vesicles more thermo-
responsive (Figs. 3 and 4).3.4. Effect of oxycholesterol concentration on thermo-responsiveness
of lipid membranes
We studied how oxycholesterol concentration affect the thermo-
responsiveness of lipid vesicles in order to understand the type of
response function involved. Fig. 5 shows that, at a temperature increase
of less than 2 °C, the frequency of ﬂuctuating lipid vesicles was not
signiﬁcantly different (PN0.1) at 2.5%, 25%, and 50% 7keto concentration
levels. Above 2 °C temperature increase, we observed the highest
frequency of membrane response at 25% 7keto concentration, followed
by 50%. The shape of the membrane response curve, as a function of
ﬂuctuating lipid vesicles over the total number of lipid vesicles, was a
typical sigmoid growth-curve, with saturation peaks occurring at higher
membrane response values for 25%N50%N2.5%N0%7keto concentration.3.5. Thermo-responsiveness of lipid vesicles containing enzymatically
oxidized products of cholesterol
The unique structural features of cholesterol, including a planar
fused ring system, hydrophilic hydroxyl group at the C3 position, and
hydrophobic iso-octyl side chain, as well as the relative amounts
present in particular membranes, are required for lipid–lipid and
lipid–protein interactions. These interactions provide the basis for the
formation of ordered domains, in whichmany cellular processes occur
[34]. Oxidation of cholesterol introduces an additional hydrophilic
functional group and thus modiﬁes the nature of its interaction with
its neighboring lipid molecules, as well as sterol–sterol interactions.
The positioning of this additional polar group is crucial. We therefore
expanded this study to include 25-hydroxycholesterol (25OH) in
order to advance our understanding on how an additional OH
functional group, positioned at the far end of the chain, i.e., at the
iso-octyl end, responds to temperature changes compared to 7keto.
Furthermore, we wanted to understand how any differences could
Fig. 4. Thermal responsiveness of oxidized cholesterol-containing lipid vesicles. Percentage of lipid vesicles, which started ﬂuctuating at a given level of temperature increase (a) and
the distribution proﬁle (b). The vesicles contained 7-keto (gray) or 7β (black) at 12.5% (wt./wt.) molar concentration. (n=30).
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with respect to raft formation. 25OH is a minor but physiologically
important enzymatic oxidative product of cholesterol [13,15]. It has
been reported that 7keto promotes raft formation [34]. 7keto andFig. 5. Effect of 7-ketocholesterol concentration on thermo-sensitivity of lipid
membranes. The vesicles contained 7keto 0% (black), 2.5% (gray), 25% (long dashed),
50% (short dashed) (wt./wt.) molar concentration (n=30).
Fig. 6. Thermal responsiveness of oxidized cholesterol-containing lipid vesicles. 25-
Hydroxycholesterol (25OH) structure (a). Percentage of lipid vesicles that started
ﬂuctuating at a given level of temperature increase: 25OH- (dotted), 7keto- (gray), and
Chol- (black, as a control) containing lipid vesicles. The oxycholesterols were present at
12.5% molar concentration. The inset zooms on 25OH- and 7keto-containing lipid
vesicles between temperature increases of 0 °C to 2.0 °C (n=30).
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cholesterol, with 25OH being more potent than 7keto [35]. The
summary of all the data presented can be seen in Table S1 in SI.
Fig. 6 shows the thermo-responses of 25OH-containing membrane
systems. 25OH can insert (fully or partially) in the bilayer, either right-
side up or upside down because it contains a small polar head on each
end. Either orientation would expose the side -OH group to the surface,
and the other end deep, within the lipid bilayer. Occurrence of repulsive
forces between the polar head of 25OH and the lipids acyl chainswould
weaken the interaction between the oxycholesterol and the lipids [33].
Interestingly, even though the orientation of 25OH within the bilayer
is different from 7keto, our results show that there is hardly any
difference between 25OH-containing membrane systems and the
7keto-containing lipid vesicles. This suggests that the mere presence
of an additional/extra oxygen molecule in oxycholesterols renders the
lipid vesicle more sensitive to temperature rather than the relative
location of the oxidized functional group.
The thermo-responsiveness of oxycholesterol-containing lipid
vesicles is an extremely interesting phenomenon, and we attempted
to further our understanding of this phenomenon by discussing the
biophysical mechanism behind the events.
3.6. Role of membrane surface tension and pressure
There are two main relevant opposing forces present in a lipid
bilayer we need to consider: surface tension γ and surface pressure P,
with units N/m (see Fig. S3 in SI). P is expected to be equal to the
surface tension γ [29]. It is reported that oxycholesterol-containing
membranes have lower surface pressure than non-oxidized mem-
branes [35]. The keto and hydroxyl functional groups confer the
membrane a slightly increased hydrophilicity. The keto and -OH
group at C7 may lead to repulsion of these groups from neighboring
molecules, thus pushing their way towards the surface. In the case of
25OH, molecular re-orientation may occur because of hydrogen
bonding of -OH groups at both ends of the molecule [36]. We now
discuss the effect of reduced surface pressure because of increased
polarity of the oxycholesterols. That is,
Pchol N Poxychol: ð1Þ
Under the assumption that γ is essentially constant upon the slight
change in temperature, using the state equation, the thermal expansivity
is expressed as
ΔA =ΔT
e
1 = P ð2Þ
where A is surface area and T is temperature. Combining (1) and (2)
gives us
ΔA=ΔTð Þcholb ΔA=ΔTð Þoxychol: ð3Þ
This theoretical relationship implies that thermo-responsiveness
of oxidized cholesterol-contained lipid vesicles is larger than that of
non-oxidized membranes, in agreement with our ﬁndings. Since
increase in temperature enhances molecular movement, relatively
small temperature increases were enough to induce the membrane
destabilization observed in oxycholesterol-containing lipid vesicles.
This is in agreement with a previous report [17]. Increasing the
concentration of 7keto from 0% to 50% increased the sensitivity of
membrane, with the highest sensitivity detected at 25% concentration
(Fig. 5). At 50% 7keto concentration, the lipid vesicles were slightly
less sensitive than at 25%.We imagine that the solubility of cholesterol
in vesicles may be saturated at high cholesterol levels. Stevens et al.
reported the solubility of cholesterol in ternary lipid compositions to
be 65–70 mol% [37].In this proof-of concept study, our primary interest was to
investigate the effect of temperature on oxidized and non-oxidized
membrane systems. We have therefore provided qualitative differ-
ences between the two systems. Building on this work, we will
quantitatively evaluate these differences by measuring parameters
such as thermal expansion coefﬁcient and bending modulus.
In conclusion, we have (i) quantiﬁed the major oxidation products
derived from cholesterol oxidation, 7β-hydroxycholesterol and
7-ketocholesterol, to be 6.7±4.8 and (3.7±3.3 mol%, respectively);
(ii) shown that liposomes containing each of 7β and 7keto
oxycholesterol were more thermo-responsive than non-oxidized
membrane systems; (iii) shown that a 7keto-containing lipid mem-
branewas slightly more sensitive than a 7β-containingmembrane; (iv)
demonstrated that co-existence of both 7β and 7keto in liposomes
synergisticallywere evenmore thermo-responsive than the presence of
the individual oxysterols; and (v) demonstrated that the thermo-
responsiveness of 7ketowas similar to that of 25 hydroxycholesterol. In
addition, we have characterized and discussed the biophysical changes
in membrane dynamics of oxycholesterol-containing lipid vesicles
induced by temperature increase. The results provide a new plausible
mechanism: i.e., oxidative stressed membranes, coupled with temper-
ature change induce membrane dynamics. We have improved the
previous understanding that attributed the observed dynamics solely to
membrane oxidation as the stimulant. Theseﬁndingsmay provideways
of exploring how thermo-therapy may aid in alleviating oxidative
stimulus-dependent pathologies.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.05.002.
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